Summary Navigation and obstacle avoidance are the most important task for any mobile robots. This article presents the Adaptive Neuro-Fuzzy Inference System (ANFIS) controller for mobile robot navigation and obstacle avoidance in the unknown static environments. The different sensors such as ultrasonic range finder sensor and sharp infrared range sensor are used to detect the forward obstacles in the environments. The inputs of the ANFIS controller are obstacle distances obtained from the sensors, and the controller output is a robot steering angle. The primary objective of the present work is to use ANFIS controller to guide the mobile robot in the given environments. Computer simulations are conducted through MATLAB software and implemented in real time by using C/C++ language running Arduino microcontroller based mobile robot. Moreover, the successful experimental results on the actual mobile robot demonstrate the effectiveness and efficiency of the proposed controller.
Introduction
ANFIS controller plays a vital role in the field of mobile robots. Li et al. (1997) and Zhu and Yang (2007) have designed the behaviour-based neuro-fuzzy method for mobile robot navigation in an unstructured environment. Algabri et al. (2015) have optimized the fuzzy logic controller using various soft computing techniques such as particle swarm optimization (PSO), genetic algorithm (GA), and neural network for mobile robot navigation. Montiel et al. (2015) have used the bacterial potential field (BPF) method for optimizing the navigation path length of the mobile robot. In Lee and Chiu (2009) and Rusu et al. (2003) , the authors have presented the sensor-based neuro-fuzzy technique for mobile robot navigation in indoor environments. Baturone et al. (2014) problem of an autonomous car-like wheeled mobile robot using low-cost embedded neuro-fuzzy controller. Motivated by the cited references, the primary objective of this article is to guide the mobile robot in the unknown and indoor environment using ANFIS controller. The inputs of the ANFIS controller are the obstacle distances received from the various sensors and the goal angle. The output of the controller is a robot steering angle.
Design of ANFIS controller for mobile robot navigation and obstacle avoidance
This section presents the design of ANFIS controller (AC) for mobile robot navigation and obstacle avoidance in the unknown static environments. The proposed controller is used for controlling the steering angle of the mobile robot in the environment. The proposed AC has four inputs and a single output. The first three inputs are the obstacle distances, which are received from the front, left, and right sensors (see Fig. 1 ) of the robot. These sensors read the obstacle from 0.2 m to 1.5 m approximately. The first three inputs are denoted by front sensor reading (S f ), left sensor reading (S l ), and right sensor reading (S r ), respectively. The fourth input is the goal angle (heading angle) between the robot and goal, which is denoted by G a . The two Gaussian linguistic variables, namely NEAR and FAR, respectively, are selected for S f , S l , and S r . Similarly, the G a uses two Gaussian linguistic variables, namely NEGATIVE and POSITIVE, respectively. The output of the AC is addressed by steering angle (S a ). The range of output is between −80
• (turn right) to 80
• (turn left). When the obstacles are detected on the right side of the robot, then the robot turns left. Similarly, when the obstacles are detected on the left side of the robot, then the robot turns right. Table 1 describes the some training dataset for the AC, which assists the robot to reach the goal without any collision. ANFIS is the product of Takagi-Sugeno fuzzy inference system and artificial neural networks (ANN). The ANFIS uses the dataset to generate the rules and membership function. Fig. 2 illustrates the basic architecture of the proposed ANFIS controller. In Fig. 2, x 1 , x 2 , x 3 , x 4 and f addresses the input variables (S f , S l , S r , G a ) and output variable (S a ), respectively. The proposed ANFIS has five layers, which 
where i = 1, 2, 3, . . ., 16 (sixteen rules), the M i1 , M i2 , M i3 , and M i4 are the fuzzy sets of the input variables, and p i is the constant (number). The fuzzy set M ij has Gaussian membership function:
where j = 1, . . ., 4 (four input variables), the c ij , and ij are the centre, and width of the each Gaussian membership function, respectively. The defuzzification of the output (steering angle) is calculated by the weighted average method:
The proposed AC is verified through the mean squared error (M.S.E.) method:
where S a is the actual steering angle, S p is the predicted steering angle value, and k is the number of observations. 
Simulation and experimental studies
This section illustrates the successful simulation and experimental results of the mobile robot in the different type of environments. The simulations are conducted through the MATLAB graphical user interface (GUI) on the HP laptop and implemented it in real time by using Arduino microcontroller based wheeled mobile robot (see Fig. 1 ). Figs. 3 and 4 show the simulation and experimental result of the mobile robot navigation in the unknown and indoor environment using ANFIS controller, respectively. The width and height of the environment are 2.5 m and 2.5 cm, respectively. When the obstacles are detected on the front, left, and right side of the robot, then the ANFIS controller is activated, and the robot adjusts its steering angle according to the controller output.
Conclusion
This article introduces an Adaptive Neuro-Fuzzy Inference System (ANFIS) controller for mobile robot navigation and obstacle avoidance in the given environments. The proposed controller helps the mobile robot to reach the goal in the environments without any collision. The simulation and experimental studies show the superiority of the proposed ANFIS controller. In future, this proposed controller can be extended for dynamic obstacle problems.
